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Nevertheless, the occasion does arise when highly enriched assemblies need to be predicted for safety and other considerations. It would be convenient if some adjustment could be made within the framework of diffusion.theory such that the whole gamut of fast reactors would be predicted with reasonable accuracy within existing knowledge of cross sections. In this report there is described an attempt to achieve such a rapprochement, the technique employed being an adjustment to transport cross sections based on multigroup comparison of the Lady Godiva reactor by diffusion theory and the asymptotic solution to the Boltzmann equation. Under the guidance of such a prescription, diffusion theory is found to work well for the highly enriched critical assemblies and to deviate but little from the usvial predictions made for very fast reactors. Diffusion theory using adjusted and unadjusted transport cross sections is compared with a transport theory solution for the Topsy reactor, and the adjusted cross section calculation compares more favorably.
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I. INTRODUCTION
In the course of establishing the theoretical aspects of the fast reactor progrann, Argonne has devoted a good deal of effort to reactor calculations using multigroup diffusion theory(l) •with provision for inelastic scattering. The spherical geometry calculation was first programmed for the IBM CPC machine, and later both the spherical and the one-dimensional cylindrical geometry calculations were programmed for the UNIVAC, with the slab calculation a recent addition.
The reasons for this considerable emphasis on multigroup diffusion theory are manifold. It became obvious early in the work that one group, or even a few groups, would not be adequate to describe the variety of fast assemblies of interest. Of course, theoretical considerations, as well as actual comparisons, showed that unmodified diffusion theory could not be expected to work well for the small, very highly enriched fast criticals, such as have been performed at Los Alamos. (2) Comparisons have been made for such assemblies at Argonne between diffusion theory and SerberWilson theory, both singlew) and multigroup;V4; these in turn have been compared with results obtained at Los Alamos using the integral theory method of Carlson.(5) This work is on a continuing basis and is being expanded to include the Sji method of Carlson.v 
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The results to date indicate that diffusion theory errs in critical radius (fVlO-lSyo) for the most enriched assemblies. However, as the assemblies become larger and more dilute in fissionable material, diffusion theory does approach closely the more accurate methods. Hence, for a reactor having a core volume of several hundred liters, diffusion theory should be adequate, at least in light of the inadequate status of basic cross section information. Furthermore, for purposes of design, where various means of flattening the power distribution are to be examined, or the distribution of plutonium production in the blanket is to be calculated, diffusion theory should be fairly accurate, even for reactors having an intermediate size core (50 liters). These facts, coupled with the relative simplicity of diffusion theory and its ready adaptability to various geometries, made multigroup diffusion theory, with direct provision for inelastic scattering, the "bread and butter" calculation at Argonne.
Once the multigroup diffusion theory calculation had been programmed for the UNIVAC, it was used to analyze existing experiments.* Although the experiments are of a nature such that they are not particularly well-suited to the method, one can at least observe the error of prediction and its trend with dilution. This is of considerable aid when one is faced with the problem, due to safety and other considerations, of predicting the critical mass of highly enriched configiirations. *It shovild be noted that the multigroup Serber-Wilson calculation is presently being programmed for the Argonne fast computer.
In general, the results have been quite consistent and relatively independent of the number of groups used and the energy breakdown used therein, or the specific assunnptions on transport, capture and inelastic cross sections, so long as they are not widely at variance with existing data. Multigroup diffusion theory invariably predicts too high a critical mass for the small, highly enriched assemblies. In general, as the assemblies become larger and more dilute, calculation gets closer to experinaent.
The question automatically arises: What should be done about these discrepancies between calculation and experiment ? One reasonable procedure, in view of the known inadequacies of diffusion theory, is to ignore them. It would be convenient, however, if a single method of computation and set of cross sections could be developed which predicted existing experiments closely, yet was suitable for designing the larger, power reactors and would predict their critical masses as accurately as possible.
Assuming that a restriction to the use of multigroup diffusion theory exists, since that was the only currently programmed calculational setup at Argonne, not much freedom is left for "adjustment," whether it be on an empirical, intuitive, or rigorous basis. A variety of approaches are possible; one particular method which apparently yields appreciable success is described in the following sections.
II. PREDICTIONS OF MULTIGROUP DIFFUSION THEQJIY
Results are reported herein for criticality calculations made by multigroup diffusion theory using three different sets of cross sections, each prepared by a different individual at widely separated times.
The first cross section set, listed in Table I , was prepared by the author at Argonne early in 1953. This set uses six groups and reflects in some measure the knowledge available at that time. For example, the listed inelastid" scattering cross sections and transfer coefficients are in agreement with the threshold detector measurements of Beyster and Carter.v) The inelastic scattering distributions, however, were not computed following a particular format, but represented intuitive guesses at what might be a reasonable first try in an attempt to fit the meagre spectral data available. In this and the next cross section set, any elastic moderation effect is lumped with the inelastic scattering into one cross section. Capture cross sections were mostly educated guesses, with some guidance from measxirements in EBR. (8) The transport crbss sections used in the diffusion calculation were the sum of inelastic, fission, capture and elastic transport, has been adopted in these diffusion theory calculations.
The second set of cross sections (Table II) is also a six-group set and was prepared recently by G. Hansen of LASL. It was intended as a first trial set for analysis of their fast criticals using the Sn method.'°) The basis for this set of cross sections is similar to that of set No. 1 only in part. For example, the spectrum of neutrons inelastically scattered from an initial energy, EQ, is taken to have the form (E) exp(-E//DE^), with D chosen to be 1/9 mev in order to fit the Beyster-Carter data. Furthermore, the group energy breakdown is different, two groups being used above the U^'* fission threshold as compared to one group in cross section set No. 1.
The third set of cross sections, listed in Table III , is a ten-group set prepared by R. Avery of Argonne in the summer of 1954. Here, still another basis for fixing the inelastic scattering energy distribution was used. Also, since this cross section set was prepared for use with a specific computing machine program, it was required to conform to limitations set up by the program, namely, only the next six lower energy groups can be scattered into inelastically from any group.
The results of the calculations made with the three cross section sets are presented in Table IV . In these calculations the actual geometry and composition of each critical were put into the machine and the solution iterated until the flvix distribution converged. The column of numbers entitled kgf£ gives the number of core fissions obtained in a succeeding neutron generation per core fission this generation.
It can be seen from Table IV that all the assemblies were computed to be subcritical. Furthermore, the smaller the core radius, the worse the agreement between calculation and experiment. The rather close agreement between the calculated results for the different cross section sets is surprising in view of the complete independence of their formulation.
The deviations between experiment and diffusion theory are rather similar to those found to exist between multigroup Serber-Wilson theory and diffusion theory. Some preliminary four-group comparisons, made by H. H. Hummel and the author, show diffusion theory to predict a kg££ which is 10 to 13% less for a reactor of the Topsy or EBR-I type. 
III. SUGGESTED MODIFICATION
An intuitive approach will now be presented to the problem of how to select one set of cross sections which should work well with multigroup diffusion theory for the entire range of fast reactors within the limit of existing cross section information.
The basic hypothesis is as follows: the major difficulty with diffusion theory is that it allows too much leakage from the core, the condition being aggravated as the core size in mean free paths decreases for higher 
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neutron energies. There further exists the observation that upon comparison of diffusion theory with experiment, the theoretical fission rate falls off too slowly in the blanket. Now, both of these conditions would be altered in the proper direction by an increase in the transport cross sections used in diffusion theory. But what modification should be made , so that leakage will be reduced for small reactors, yet left substantially unaffected for large reactors ?
It was known that a fundamental mode analysis of the Lady Godiva reactor(14) by multigroup diffusion theory predicted a buckling much less than experiment. It was also known that the saime analysis by a multigroup form of the asymptotic solution to the transport equation* fit the experimental buckling rather well. The methods of calculation and some typical iterations are presented in Appendix A,
Examination of the two methods shows the numerators to be identical; the difference between the two theories appears in the denominators. Examination also indicates that diffusion theory can be made to give identical results with asymptotic transport theory by appropriate changes in the transport cross sections used in diffusion theory, holding all other cross sections constant. In other words, if in each group an appropriately larger elastic transport cross section, and hence a correspondingly larger transport cross section, is used in diffusion theory, than in asymptotic transport theory, the < for criticality and the neutron energy spectrum can be made identical. It is particularly interesting that the prescribed change is not the same in each group, but is large at the higher neutron energies, small at the lower ones. Thus, if cross sections were to be changed in this manner, the effect would be greatest on the snnall, highlyenriched reactors, where the neutron energy spectrum is the hardest and where leakage offers the most competition to fission. The original transport cross sections for 94% enriched uranium and the revised values which would make diffusion theory identical with asymptotic transport theory for Godiva are listed in Table V for cross section sets No. 1 and No. 2. Rather arbitrarily, it was decided to change the transport cross sections of U^'*, U^^' and Pu all in the same fashion, and in such a fashion that diffusion theory fit Lady Godiva. The revised cross sections were then used to calculate the reflected reactors by multigroup diffusion theory to see if this approach would improve the situation.
For set No. 2, the transport cross sections of Oralloy, Tuballoy and plutonium were all adjusted to agree exactly with the prescription results given for Oralloy in Table V , thus making a new cross section set No. 2'. However, it was feared that the prescribed changes in the lower energy groups would result in deviations from reality in the larger,more dilute * First used at Argonne by Hummel.
reactors. Hence, for set No. 1, the prescribed results were only used as a guide. The prescription for the first three groups was generally accepted, that for the fourth group reduced, and that for the last two groups rejected, retaining original values. Again, the prescription is really for 94% enriched uranium but the changes were arbitrarily adopted for U^'*, U^*' and Pu, leaving all other materials untouched. It is noted that the deviations from the prescription woxxld have little effect on an analysis of Godiva. 
IV. RESULTS
The critical assemblies listed in Table TV In general, the predictions made by the adjusted cross sections are in very good agreement with experinnent. The small deviations from criticality are not random, however. There is a definite trend, namely, to make the smallest assemblies slightly subcritical and the larger ones slightly supercritical. The trend toward increasing reactivity with size is stronger for set No. 2' than for set No. 1'; this is reasonable, since in set No. 1' no adjustments were made in the lower energy transport cross sections which only become important in the more dilute assemblies. 
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The results obtained with the more dilute "paper reactors" are listed in Table VII . Only one comparison is available for sets No. 2 and No. 2', but it is adequate to establish the state of affairs. A 24-cm radius sphere of uranium, blanketed with natural uranium, was computed by both sets, allowing the enrichment of the uranium to vary for criticality. The enrichment computed for Set No. 2 was 13.09% and 11.80% for set No. 2', a reduction in critical mass of about 10%. These results confirm the trend observed in Table VI ; thus, if one hopes to make a modification which leaves the dilute reactors essentially unaffected, the prescription cannot be followed rigorously.
For sets No. 1 and No. 1', a closer approach to the desired end result is obtained. For a very dilute reactor, e.g., the fast power breeder (PBR), only a 2.1% difference in k is obtained between the two cross sections sets. It is obvious that with some further minor adjustments, set No. 1' could be made to predict the critical assemblies nnore closely and to deviate less from set No. 1 in calculating the PBR.
A comment is perhaps desirable to the effect that the Los Alamos Pilot Mockup and the EBR are cylindrical assemblies, and hence, when they are computed as spheres of equal core volume, the calculation should give a somewhat supercritical result. Thus these two calculations by set No. 1' are better than is indicated at first glance.
V. DISCUSSION
It is emphasized that the procedure described is not recommended as a panacea, but rather is merely being reported as an interesting observation. It is not on any firm theoretical basis. Indeed, had Lady Godiva been of a somewhat different enrichment, a different set of changes in elastic transport cross section would have been prescribed. On the other hand, it is not being suggested that the rigid prescription be followed. Indeed, it has been shown to have difficulties and is intended only to suggest that modifications in elastic transport cross sections may make nnultigroup diffusion theory more applicable to a wide range of fast reactors.
Other nnethods conne to nnind, of course. The possibility of using the asymptotic transport fornnulation for computing buckling was considered; however, in the source-produced flux multigroup formulation, it effectively reduces reactivity if applied directly.
Of course, the asymptotic transport comparison used herein only on Godiva might somehow be applied to each problem separately, so that the transport cross sections were adjusted in accordance with the particiilar dimensions of the reactor core. Such a nnethod was suggested by HummeU^^) who later applied it to a few reflected cores, using the transcendental fornn Table VII EFFECT OF CROSS SECTIC*! ADJUSTMENT ON PREDICTION OF k^ff FOR "PAPER REACTORS"" It can be seen from Table VIII that the neutron energy spectrum is only slightly softer for diffusion theory than transport theory, and that the adjustnnent in transport cross sections produces little change between the two. Thus a large difference in reactivity between cross section sets No. 2 and No. 2' is accompanied by only a nninor change in the predicted core spectrum, and the change is in the right direction.
A final connparison between the various methods can be obtained by plotting the relative fission rates throughout the reactor. In Figure 6 , transport theory is connpared with diffusiontheory, both using cross section set No. 2. The experinnental results(l°) are also presented here, all three sets of curves normalized so that the U^'* fission rate is unity at the center. In 
